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Abstract: 
The aim of this study is concentrated on the experimental investigation of wear resistance of 
rubber powder modified rubber blends. Styrene-Butadiene-Rubber (SBR) blends applied for 
conveying belt top covers have been modified by ground rubber (rubber powder) based on 
SBR. We theoretically described the rubber wear mechanism due to loading conditions 
occurring at conveyor belts in the field, to simulate wear behavior of top cover rubber 
materials. An own developed testing equipment based on gravimetric determination of mass 
loss of rubber test specimen was used investigating dynamic wear with respect to fracture 
properties of top cover materials. Furthermore we investigated fatigue crack growth (FCG) 
data over a broad range of tearing energy by Tear Analyzer to characterize crack propagation 
behavior of rubber powder modified rubber blends. Thus, we demonstrate the influence of 
rubber powder on resistance against occurrence of fracture as well as dynamic wear as a 
function of the rubber powder content in rubber blends applied for conveying belt top 
covers. 
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INTRODUCTION 
Conveyor belts are used for continuous long-distance transmission of bulk materials, e.g. 
gravel, ore, coal and chemicals [1]. The typical constructive design and loading scenario of a 
conveyor belt are plotted in figure 1 and 2.  Figure 1 shows schematically the construction of 
a steel cord reinforced conveyor belt. The schema in figure 2 basically illustrates hard 
operation conditions (e.g. due to impacting forces of falling materials) of conveying belts 
expiring in wear and failure due to the interactions between conveyed material particles and 
the rubber top cover of the belt. High mechanical loadings due to sharp-edged materials 
impacting the rubber surface lead to regions of energy dissipations, which are significantly 
high in the smallest contact area (see detail fig. 2). Therefore structural damages on the top 
cover of conveyor belt occur in the impact phase in the first place [2, 3]. During hard 
operation conditions top cover materials change physical-mechanical properties (e.g. 
strength, wear resistance), that influence the mechanical stability of the complete structure 
of conveyor belts. Local macro damages such as tears result from micro-cracks occurring 
either in the rubber bulk (fatigue) or directly on the top cover (abrasion) and may evoke 
catastrophic failure. Obviously, dynamic wear analysis of the conveyor belt system is the key 
for choice of suitable belt design and convenient top cover material (rubber blend 
formulation) [4]. 
 
Figure 1: Cross section of a steel cord reinforced conveyor belt 
 
Figure 2: Schematic principle of operation conditions and mechanical failure process of conveyor belts 
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A number of studies focused on the investigation of dynamic properties of conveyor belt 
systems at real operation conditions. Especially Fedorko et al. [2-4] investigated dynamic 
properties of conveyor belts extensively. They show changes of mechanical properties 
depending on external loads (weight of falling materials, drop height) by using standard 
mechanical test methods as well as special techniques, such as shock tests to determine the 
destructive resistance due to real loading conditions [3, 4].  Furthermore Fedorko et al. used 
non-destructive methods to analyse the damage of the internal structure of conveyor belts 
according to real operation scenarios by computer tomography (CT) [2]. In this study, they 
found out that damages of the internal structure of conveyor belts occur due to hard loading 
conditions and may even be invisible at the top cover surface. Hou [5] did experimental 
investigations to characterize dynamic properties of conveyor belts by using a special 
apparatus to simulate working conditions close to practice. The construction of the 
apparatus enables test settings, which are close to those at currently used conveyor belt 
systems. Hou determined that typical impact forces of falling materials (10-20 kN) and 
exciting frequencies (5-30 Hz) affect dynamic properties such as stress wave propagation 
speed, dynamic elastic modulus and viscous damping properties, depend on the conveyor 
belt material. The results point out that the amount of tensile loading on conveyor belts 
have to be considered for material choice and product construction respectively [5]. 
Apart from dynamical characterisations of the conveyor belts in its entirety, investigations of 
construction components, e.g. top cover rubbers, are essentially as well. Commonly used 
rubber materials are generally exposed to hard dynamic loading conditions requiring high 
wear resistance (fatigue, abrasion) for applications such as tires, hoses or conveying systems. 
Several standard and non-standard test methods are used to determine the wear behavior 
of rubber close to its working conditions. Plenty of experimental investigations on wear 
behavior of industrial used rubber compounds are published, e.g. [6-8]. Poh [6] mentioned 
that abrasion resistance depends on the rubber compound formulation, especially on the 
filler type and content. Ghosh et al. [7] investigated that the rubber type (e.g. Natural 
Rubber, Butadiene Rubber) affects dynamic wear behavior due to various crack initiation 
and crack propagation affinity preset by the chemical structure of the polymers. In [8] the 
authors considered mechanical ageing of conveyor belt rubber materials due to different 
working conditions, such as natural weathering (exposure of temperature, oxygen, ozone) 
and the influence of oil and acid according to the mechanical properties of rubber blends. 
Feyzullahoglu et al. found out that for instance Styrene-Butadiene-Rubber (SBR) is 
particularly suitable for conveyor belt materials [8]. 
Rubber as polymeric system has to be filled with active fillers to obtain intended mechanical 
properties (e.g. strength, tear resistance, elasticity) for industrial applications. Beside 
commonly used active fillers, such as carbon black or silica, rubber powder constitutes a 
further opportunity by using a high quality recycling product. Rubber powder is a rubber 
based polymeric system qualified for physical and chemical bonding with uncured, fresh 
rubber compounds. Thus the aim of this work is, to prove the influence of rubber powder as 
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filler considering mechanical properties and wear behavior of modified rubber materials. 
Few investigations regarding the utilization of rubber powder as a filler substitute for rubber 
compounds have been done yet [e.g. 9, 10]. In [9] Karger-Koscis pointed out that rubber 
powder particle size, its surface structure and the content influence the adherence of rubber 
powder to fresh rubber matrix material and therefore determine the processability and 
mechanical properties of rubber powder modified rubber compounds particularly. Thereby 
different mechanical grinding methods cause differences in the rubber powder qualities. 
Following grinding methods are state of the art in rubber recycling: Ambient mechanical 
grinding (ground temperature: T > 100 °C) provides high specific surface areas of rough 
rubber powder particles; cryogenic mechanical grinding (ground temperature: T < -30 °C) 
supplies low particle sizes, but flat, sharp-edged surfaces; water-jet-milling at ambient 
conditions appropriates rubber powder with very high area/volume ratio [9]. Kruzelak et al. 
[10] investigated the incorporation of rubber powder in fresh rubber of the same rubber 
type. Despite of the deterioration of tensile strength, they determined available mechanical 
properties, which justify the preparation of rubber compounds even with high contents of 
rubber powder (40 phr). Thus, investigations of rubber powder incorporation and its 
influence regarding the mechanical properties and wear behavior shall be promising.  
MATERIALS 
In this study Styrene-Butadiene-Rubbers (SBR), Buna 1500 and Buna 1723, were filled with 
high surface area silica type Ultrasil VN 3 GR (180 m2 g-1) together with silane coupling 
agents, Si69 and Aktiol. Curing was done by a typical sulfur-accelerator-system. The original 
compound without modification was used to compare mechanical properties; two further 
compounds were modified by incorporation of rubber powder based on SBR with two 
different contents (30 phr, 50 phr). 
The applied rubber powder was produced by high pressure water-jet-milling of exhausted 
conveyor belts. The rubber powder granulometry was declared by the supplier to be less 
than 400 μm. The specific surface of the rubber powder was not quantitative determined, 
but is illustrated by the scanning electron microscope (SEM) in figure 3. In figure 3 an 
overview of particle size distribution is shown left, high surface porosity (specific surface 
area) of one particle can be seen at the right side in fig. 3. 
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Figure 3: Scanning electron microscopy of water-jet-milled rubber powder particles (left: magnification 100 x; right: 
magnification 1500 x) 
The compound formulations are shown in Table 1. Rubber compounds were mixed in three 
stages: The first two stages were done using a Banbury mixer, for the third stage a two-roll 
mill was used. Exemplarily, figure 4 shows the compounding chronology of the rubber 
compound filled with 30 phr rubber powder with respect to occurring mixing torque. The 
functional relationship of torque and time, illustrates the filling and homogenization phases 
as well as the silanisation process during the mixing stages 1 and 2. The blends and curatives 
were mixed at a two-roll mill in a third step for 3 min. Vulcanization of specimens was 
performed in a heat press (co. RUCKS) at 180°C and 10 MPa according to the rheometric 
properties determined due to DIN 53529. 
Table 1: Rubber compound formulations  
  RP00 RP30 RP50 
Ingredients [phr] [phr] [phr] 
SBR Buna 1500 70 70 70 
SBR Buna 1723 30 30 30 
Silica Ultrasil VN 3 GR 70 70 70 
Silanogran SI-69 / GR70 12,5 12,5 12,5 
Aktiol 3,5 3,5 3,5 
Rubber Powder 0 30 50 
Zinc Oxide 4 4 4 
Stearic Acid 1 1 1 
Vulkanox 4010 NA/LG 2 2 2 
Vulkanox HS/LG 1 1 1 
Varazon 5998 1 1 1 
Tudalen 65 10 10 10 
Sulphur 1,5 2,0 2,5 
Sulfenax TBBS 1,5 2,0 2,5 
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Figure 4: Illustration of mixing phases (filling, homogenization, silanisation) of an applied rubber compound with 30 phr 
rubber powder 
EXPERIMANTAL DETAILS 
CONVENTIONAL PHYSICAL-MECHANICAL TESTS 
Standard physical-mechanical tests were performed to describe the mechanical behavior of 
rubber powder modified rubber compounds. The tensile properties of chosen rubber 
compounds were measured at room temperature and with a crosshead speed of 200 mm 
min-1 by using a TIRA 27025 appliance. According to DIN 53504 standard specimens (type S2) 
were tested and stress-strain-curves were determined. The hardness was measured using a 
durometer (co. ZORN; type HGiB) and the unit was expressed in Shore-A regarding to DIN 
53505. Abrasion test in accordance to DIN ISO 4649 was used to determined resistance 
against frictional steady-state wear. The samples were weighed before and after the test. 
The abrasion resistance was expressed as relative mass loss.   
NON-CONVENTIONAL DYNAMIC-MECHNICAL TESTS 
Experimental investigations of dynamic wear resistance of rubber powder modified rubber 
blends characterized by crack initiation and propagation processes are on focus at this work. 
Non-conventional equipment (Chip&Cut-Tester, Tear Analyser) was used to characterize 
crack initiation and propagation behavior of chosen rubber compounds according to 
dynamical loading conditions as shown in figure 2.    
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DYNAMIC WEAR ANALYSIS (CHIP&CUT-TESTER) 
In this work Chip&Cut experiments were carried out using an own-developed prototype of a 
Chip&Cut-Tester. Chip&Cut tests base on the simulation of dynamic wear due to hard 
loading conditions of dynamically impacted applications (e.g. tires, conveyor belts) and was 
studied in few publications (e.g. [11-14]) to provide an analysis of wear behavior occurring in 
the field. The measuring procedure roughly simulates the impact scenario due to deflection 
of the moving conveyor belt caused by falling materials.  
Figure 5 shows the measuring principle of the Chip&Cut-Tester used in this work. The normal 
force FL is induced by a static load with variable weight. A multiphase motor leads the 
actuating arm 1 to swing from the bottom to the upper position; and reverse. Due to the 
driving of the multiphase motor the oscillating arm 2 is hold in the upper position at given 
time. Thus, varying loading conditions of moving test specimen in accordance to real 
applications (e.g. rolling tires) can be simulated. The oscillating arm 2 with the ceramic 
cutting tool 3 (co. CORUN; type TNGN-220616) falls due to free fall and impacts the revolving 
rubber test specimen 4. The cutting process proceeds in the range of milliseconds and is 
repeated in a defined frequency on the basis of real loading conditions for a certain testing 
time. The test specimens were weighed before and after the Chip&Cut experiment, thus a 
mass loss could be determined. During the experiment particles have been released from 
the rubber test specimens, which were cleaned by brushing. 
 
Figure 5: Principle of the Chip&Cut-Tester; 1 - Actuating arm and multiphase motor, 2 - Oscillating arm, 3 - Ceramic cutting 
tool, 4 - Test specimen; FL - Force, h0 - Drop height, r - Radius nr - Rotation speed of test specimen, ω - Acting frequency 
In this study, cylindrical test specimens with radius 27.5 mm and thickness 13.0 mm were 
analyzed over a time period of 24 h. The loading conditions were defined at pulse width 20 
ms, frequency 1 Hz and a variation of rotation speed between 83 and 156 rev. min-1. In this 
work, the normal force acting at the cutting tool was defined to be constant at 10.5 N. In this 
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case the variation of revolution speed is the single parameter affecting the testing 
conditions. Obviously, an increase of revolution speed will cause e.g. higher tangential forces 
during the impact and contact phases of the cutting tool on the test specimen surface, which 
will influence the crack initiation and propagation process. 
FATIGUE CRACK GROWTH ANALYSIS (TEAR ANALYSER) 
Fatigue crack growth (FCG) measurements were carried out using Tear Analyser (co. 
Coesfeld) under applied pulse loading with respect to loading conditions occurring during 
conveyor belt operations. The frequency for the pulse loading was set at 5 Hz and pulse 
width at 20 ms. The strain amplitude was varied between 16 % and 30 % of test specimen 
length L0. The analysis was performed at room temperature. In this study standard pure 
shear test specimens with the geometry ratio L0 (length)/Q (width) = 1:8 were used [15]. Two 
pure shear test specimens were notched by a length of a0 = 20 mm on both sides using the 
definition of minimal notch length a0min depending on geometry ratio L0/Q. A third un-
notched pure shear test specimen was analyzed simultaneously determining the strain-
energy density. 
Characterization of crack propagation in reinforced rubber materials is based on a global 
energy balance in which the tearing energy was introduced by Rivlin and Thomas [16] as the 
energy required for the creation of a unit area of new crack surface. Considering the special 
case of crack propagation in a pure shear test specimen without crack deflection, the tearing 
energy T can be calculated with 
       ,          (1) 
where w is the strain-energy density, which is determined from measurements of the tensile 
stress-strain curve of the un-notched test specimen, and L0 is the length of test specimen in 
the unstrained state. 
The crack growth rate per cycle da/dn is a function of the tearing energy T. Paris & Erdogan 
[17] described this relationship with the law of force:  
  
  
      ,          (2) 
where a is the crack length, n is the number of cycles, and B and m are material dependent 
parameters (e.g. Gent et al. [18]). 
RESULTS AND DISCUSSION 
PHYSICAL-MECHANICAL PROPERTIES 
The values of physical-mechanical properties of investigated materials are summarized in 
table 2. The functional trends of mechanical properties referred to the rubber powder 
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content are shown in figure 6 by illustrating the normalized values of mechanical properties, 
where the values of rubber compounds without rubber powder are set at 100 %.  
Table 2: Physical-mechanical properties of tested rubber compounds 
Parameter Unit 
Rubber powder content [phr] 
RP00   RP30   RP50   
  
 
  Standard 
deviation 
  Standard 
deviation 
  Standard 
deviation 
Tensile 
strength  MPa 9.9 0.5 9.6 0.3 8.9 0.2 
Tensile 
strength at 
break 
MPa 6.5 0.5 6.2 0.3 5.5 0.3 
Elongation 
at break % 406.6 15.6 441.7 10.6 443.3 5.8 
Abrasion 
(relative 
abrasive 
mass loss) 
% 10.3 0.5 10.4 0.7 10.6 0.6 
Hardness ° Shore-A 70.6 0.5 68.4 0.9 67.6 0.5 
 
 
Figure 6: Normalized values of mechanical properties as function of rubber powder content; values of rubber compounds 
without rubber powder are set at 100 % 
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Considering these results, it can be recorded that incorporation of rubber powder does not 
influence the physical-mechanical properties of chosen rubber compounds essentially, 
except for an slight decrease of tensile strength values (-10 % with 50 phr rubber powder). 
The reason can be attributed to high adhesion and high compatibility between the fresh 
rubber and the rubber powder particles of the same rubber type. Run standard test methods 
at quasi-static loading conditions exhibit the wear resistance of rubber compounds 
depending on the rubber powder content to be almost stable. 
DYNAMIC-MECHANICAL PROPERTIES 
DYNAMIC WEAR BEHAVIOR 
The functional correlation of mass loss and revolution speed of tested rubber compounds is 
plotted in the Figure 7. Since the normal load acting at the oscillating arm and the distance 
between cutting tool and surface of the rubber specimen keeps constant, exclusively 
revolution speed defines the level of impact force at selected testing conditions. Obviously, 
mass loss increases with rising revolution speed. The Chip&Cut data express the influence of 
rubber powder content on mass loss due to highly dynamic testing conditions. The increase 
of rubber powder content effect a slight decrease of wear resistance of certain rubber 
compounds, whereas the value of mass loss rates (slopes) stays steadily. Close to real 
operation conditions the results illustrate the dynamical wear characteristics comprising 
crack initiation and crack propagation mechanisms of rubber compounds in dependence of 
the rubber powder content. 
Although the determined results of wear behavior at steady-state and dynamic conditions 
are illustrating similar trends (increase of wear with higher rubber powder content), the 
evaluated Chip&Cut data have none quantitative predicative value, because the laboratory 
testing apparatus used in this study is not equipped with a control unit for evaluation of the 
energy dissipation, the force in tangential direction and for displaying the crack initiation and 
propagation process in the contact area between the rubber specimen and the ceramic 
cutting tool. The evaluated data and therefore the physics of rubber powder modified 
rubber compounds have only qualitative value. However, the Chip&Cut measuring system 
has a great advantage in the simplicity of the measuring principle.  
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Figure 7: Double logarithmic plot of mass loss as function of revolutions with respect to the rubber powder content of 
applied rubber compounds 
FATIGUE CRACK GROWTH DATA 
In Figure 8 the influence of tearing energy on crack growth behavior with respect to the 
rubber powder content is shown. At low tearing energy levels (log(T)=0) the independence 
of crack growth rates of rubber powder content becomes apparent, while at higher tearing 
energies an increase of rubber powder content leads to decreasing crack growth rates (lower 
slopes). 
While incorporation of rubber powder leads to a decrease of dynamic wear resistance of 
modified rubber compounds considering abrasive particle release at the rubber specimens 
surface according to Chip&Cut data, the beneficial influence of incorporated rubber powder 
on FCG properties is illustrated by decreasing crack growth rates at high tearing energy 
levels with increasing content of rubber powder. This fact points out that high specific 
surface rubber powder ensure physical bonding between rubber powder particle and fresh 
rubber of the same rubber type, which enables rubber powder particles to contribute at 
acting deformations. In case of crack propagation mechanisms, rubber powder may distract, 
deflect or split growing cracks or may even dissipate (tearing) energy due to its specific 
porosity. 
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Figure 8: Double logarithmic plot of crack growth rates as function of different tearing energy levels with respect to the 
rubber powder content of applied rubber compounds 
CONCLUSION 
The aim of this work was to study mechanical and wear behavior of rubber compounds 
applied for conveyor belt top covers based on SBR. Thereby we investigated the influence of 
incorporation of a specific type of rubber powder applied for conveyor belt top covers (SBR). 
Standard mechanical test parameters such as tensile strength, elongation at break, 
hardness, abrasive mass loss show none or only marginal degradation of mechanical 
properties of applied rubber compounds even at high rubber powder contents (50 phr). 
Beside conventional tests we used special measuring methods for studying wear behavior of 
rubber compounds close to real loading conditions. The results achieved in this study 
emphasize the possibility to utilize high quality rubber recycling products (water-jet-milled 
rubber powder) as ingredient for rubber compounds of the same rubber type (SBR) and for 
the same purpose (conveyor belt top covers). While the dynamic wear behavior (Chip&Cut) 
was slightly diminished, crack growth resistance was even improved by the incorporation of 
rubber powder. Hence originates the necessity to clarify the fracture mechanisms of rubber 
powder modified rubber compounds due to the crack initiation process occurring e.g. at 
Chip&Cut analysis. Therefore the existing testing equipment considering the measuring 
principles of Beatty & Miksch [13] shall be constructively improved and amplified by further 
technical systems (e.g. to evaluate the components of impact forces and deformations) to 
improve the validity of dynamic wear data. Further investigations will be done with the 
support of the operational program “Zentrales Innovationsprogramm Mittelstand (ZIM)” 
funded by the AiF-Projekt GmbH (reg. number: KF2515358). 
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